Summary We hypothesized that chronic exposures to traffic combustion products may lower bone mineral density (BMD). We found that proximity to freeways was associated with reduced BMD. Our findings suggest that traffic-related pollution may contribute to the occurrence of osteopenia and osteoporosis. Introduction Adults residing in rural areas have been linked with higher BMD. We aimed to determine if this difference is due in part to air pollution by examining the relationships between traffic metrics and ambient air pollution with total body and pelvic BMD. Methods Mexican American adults (n=1,175; mean 34 years; 72 % female) who had participated in the BetaGene study of air pollution, obesity, and insulin resistance were included in this analysis. Total body and pelvic BMD were estimated using dual-energy X-ray absorptiometry. Traffic and ambient air pollutant exposures were estimated at residences using location and ambient monitoring data. Variance component models were used to analyze the associations between residential distance to the nearest freeway and ambient air pollutants with BMD.
Introduction
Osteoporosis is characterized by reduced bone mineral density (BMD) which leads to an increased risk of fracture [1] . Over 10 million people in the USA are affected by osteoporosis, and by the year 2020, it is projected to impact approximately 14 million adults over the age of 50 [2] . The underlying cellular mechanisms in bone mineralization and remodeling are influenced by multiple factors including smoking [3, 4] , nutrition [5] , physical activity [6] , alcohol consumption [7] , sex hormone deficiency [8] , and genetic factors [9] .
A growing body of evidence has documented that people living in rural areas have higher body BMD [10, 11] and lower fracture rates [12, 13] than people living in urban areas. However, differences in BMD and fracture rates are not explained by risk factors including lifestyle factors and body size. Studies have shown personal smoking [3] and exposure to second-hand smoke [4] were associated with lower BMD and increased risk of fracture. Since combustion products from smoking were associated with decreased BMD, we hypothesized that chronic exposure to traffic combustion products also would be associated with decreased BMD, which may also explain the previously published work documenting lower BMD in urban compared to rural populations [10, 11] . Ambient air pollutants such as fine particulate matter (PM 2.5 ), nitrogen oxides (NO x ), and near-roadway tailpipe emissions are produced directly by combustion of fossil fuels or via subsequent atmospheric chemistry, such as ozone (O 3 ). A limited number of studies of children and the elderly have reported that concentrations of air pollutants, particularly PM (PM 2.5 and PM 10 ), were inversely related with BMD [14] [15] [16] . Because chronic exposure to elevated levels of these pollutants is a growing problem in many regions of the world [17] , a better understanding of the contribution of air pollutant exposures to bone health is needed.
In this study, we assessed the effects of traffic exposures and ambient air pollutants (NO 2 , O 3 , and PM 2.5 ) on total body and pelvic BMD among subjects who participated in the BetaGene study, a family-based observational study of obesity, insulin resistance, and beta-cell function in Mexican Americans. We hypothesize that higher traffic and ambient air pollution exposures are associated with lower total body and pelvic BMD.
Methods

Study participants
BetaGene participants were recruited during the period [2002] [2003] [2004] [2005] [2006] [2007] [2008] . The participants are Mexican American adults (both parents and at least three grandparents are Mexican or of Mexican descent) who are either (a) women who had gestational diabetes mellitus (GDM) within the previous 5 years, (b) siblings or cousins of women with a history of GDM, or (c) women with normal glucose levels during pregnancy in the past 5 years. Women with and without previously documented GDM were identified from the Los Angeles County/ University of Southern California Medical Center, Kaiser Permanente Southern California's delivery population, and obstetrical/gynecological clinics at local Southern California hospitals. Women without previous GDM were frequencymatched to GDM cases by age, body mass index (BMI), and parity. Details regarding recruitment have been previously described [18] . All protocols for BetaGene were approved by the Institutional Review Boards of participating institutions, and all participants provided written informed consent.
Clinical assessment
Health outcome data were collected in two separate visits to the John T. Nicoloff General Clinical Research Center at the University of Southern California. The first visit consisted of a physical examination, dietary and physical activity questionnaires, a 2-h, 75-g oral glucose tolerance test (oGTT), and fasting blood draw for lipid measurements. Participants with fasting glucose <7.0 mmol/l (<126 mg/dL) were invited for a second visit, which consisted of a dual-energy X-ray absorptiometry (DXA) scan for body composition including BMD measurements and an insulin-modified intravenous glucose tolerance test (ivGTT) for measurement of insulin sensitivity and beta-cell function.
Physical activity and dietary assessment
Trained bilingual (English/Spanish) interviewers administered both physical activity and dietary questionnaires. The amount and intensity of physical activity was assessed by questionnaires developed in the Hawaii-Los Angeles Multi-ethnic Cohort Study [19] . This questionnaire is comprised of a list of structured questions describing various types of activity (sitting, strenuous sports, vigorous work, and moderate activities including sports and work) during the past year. Responses were then used to estimate the total minutes of moderate and vigorous activity per week. Dietary intake was assessed using the 126-item semi-quantitative Harvard food-frequency questionnaire (FFQ) [20] . The FFQ consisted of a list of foods with a standardized serving size and a selection of nine frequency categories ranging from never or <1 serving per month to >6 servings per day, during the past year. An open-ended free text section was utilized to capture food items that did not appear on the standard list, and included information on usual serving size and number of servings consumed per week for incorporation in the dietary intake calculation for each subject. Total caloric and nutrient intakes were calculated by the Harvard Channing Laboratory.
Air pollution and traffic exposure assessments Air pollution and traffic exposures were assigned based at the participant's residential address provided at the time of testing. Addresses were standardized and their locations were geocoded using Google Earth Pro (www.googleearth.com) and TomTom's EZ-Locate service (www.geocode.com). In most cases, the EZ-Locate results were only used to verify the Google Earth Pro geocodes. Addresses that were not recognized by Google Earth Pro were geocoded using the EZLocate service. For residences that were geocoded with sufficient accuracy to permit traffic exposure assignment (97 % of the subjects), we calculated a proximity metric defined as the distance from the residence to the nearest roadway for each of the four Feature Class Codes (FCC): Freeway or highway (FCC1), major collector (FCC2), minor collector (FCC3), and arterial road (FCC4)] using the Esri Streetmap Premium database in ArcGIS (version 10.1, Esri, Redlands, CA).
Ambient air quality data in California were obtained from the US Environmental Protection Agency's Air Quality System (AQS, http://www.epa.gov/ttn/airs/airsaqs) for the years 2002-2008 [21] . The O 3 and NO 2 data were collected using Federal Reference Method (FRM) monitors. The PM 2.5 data were primarily collected using FRM or Federal Equivalent Method (FEM) monitors. When FRM or FEM data were not available from AQS for a monitoring location, continuous PM data were used instead. The station-specific air quality data were spatially interpolated to the residence locations using inverse distance-squared weighting (IDW2). Data from up to four air quality measurement stations were included in each interpolation. Due to the regional nature of NO 2 , O 3 , and PM 2. 5 concentrations in southern California, a maximum interpolation radius of 50 km was used for all pollutants. However, when a residence was located within 5 km of one or more stations with valid observations, the interpolation was based solely on the nearest station values. We calculated average concentrations for the 12 months prior to each subject's test date to estimate longer term air pollution exposure.
Contextual variables
Contextual variables were collected to quantify the socialeconomic status of participants. Demographic data including median household income, poverty rate, unemployment rate, and proportion of respondents over age 25 with the highest attained education (no education, lower than or equal to high school, some college or technical school, and more than 4 years of college) were obtained from the US Bureau of Census website (http://www.census.gov/) for all the counties within the USA that contained at least one geocoded address. The spatial analysis tools in ArcGIS (version 10.2) were used to calculate the proportion of the 2000 Census block groups that fell within 300 m buffers of each of the geocoded addresses. The proportions were applied to the demographic data, and the numbers, rates, and proportions were estimated for each buffer.
Additional data for fast foods, grocery stores, and parks and recreation areas were extracted from Esri's Business Analyst database (version 2013). The ArcGIS buffer tool was used to create 500 m buffers for each residential address, and the numbers of fast food and grocery stores, and proportions of parks or recreation areas located inside these buffers were calculated and assigned to each geocoded address. Crime data was extracted from Esri's Community Analyst database (version 2013) at the ZIP code level. The same spatial tools in ArcGIS were used to calculate the proportion of each ZIP code that fell within each of the 500-m buffers and a crime index (based on information about murder, rape, robbery, assault, burglary, and motor vehicle theft) was then calculated by delineating and summing the portions inside the buffer area and assigning these values to the appropriate address.
Data analysis
Characteristics of the study participants were summarized using means, medians, and inter-quartile ranges. Distances to freeways and major roadways were log transformed to approximate the normal distribution and fit the exponential decay characteristic of freeway-related pollution. Geometric means are presented for these variables. The major and minor collectors coded as FCC2 and FCC3 were classified as major roadways. Based on previous results that air pollutant concentrations were significantly higher within 500 m of freeways and within 75 m of a major road [22] , residential distances from the nearest freeway were categorized as ≤500, 500, 500-1,000, 1,000, 1,000-1,500, and >1,500 m; whereas, residential distances from the nearest major road were categorized as ≤75, 75, 75-150, 150-300, and >300 m. The relationships of total body and pelvic BMD with distances from the nearest freeway and major road, as well as the air pollutants NO 2 , O 3 , and PM 2. 5 were assessed under a variance components framework using SOLAR (version 4.3.1) to account for correlations among related individuals within families. Residential distances from the nearest freeway and major road were analyzed as both continuous and categorical exposures. A trend test was performed to test significant linear trend association between BMD and four incremental categories of traffic exposures.
Age, sex, weight, height, percent body fat, total physical activity minutes per week, parity, contextual variables including the median household income, the percentage of households with incomes less than the federally designated poverty rate, adult unemployment rate, the proportion of respondents over age 25 with highest attained education, crime index, the number of fast food and grocery stores, and the acreages of parks or recreation areas within the buffers of each residential address, plus daily calcium and vitamin D intakes during the past year were included as covariates to adjust for potential confounders. The interactions of age, sex, and obesity status with residential distances from the nearest freeway or major road were also tested by including multiplicative interaction terms in the model. Individual ambient pollutants were evaluated for their associations with BMD. Multiple-pollutant models were used to test joint impact of air pollutant combinations.
Results
A total of 1,173 participants with complete measurements of body composition were included in this study. Characteristics of the participants are shown in [23] . Mean percent body fat was 34.5 %. Compared to the Centers for Disease Control and Prevention (CDC) referenced mean BMD among Mexican Americans [24] , no subjects met the clinical criteria for osteoporosis and only three subjects had T-scores of pelvic BMD lower than −1, which matches the 16th percentile of the entire population. The geographic areas where our participants lived had a mean of 0.2 % households below the federally designated poverty rate, a mean of 18.8 % people over age 25 had highest attained education at or below high school, and a mean of 0.3 % people over age 25 had highest attained at least some college education (Table 2) . Table 3 presents the associations between total body and pelvic BMD with traffic exposures after adjusting for age, sex, weight, and height. Using traffic exposure categories, residential proximity to the nearest freeway was associated with lower total body BMD (p-trend=0.012) and lower pelvic BMD (p-trend=0.033) ( Table 3 , Fig. 1 ). Compared to the reference distance (>1,500 m) from the nearest freeway, participants living within 500 m of a freeway had on average 0.02 g/cm 2 lower body BMD (p<0.001) and 0.03 g/cm 2 lower pelvic BMD (p=0.012) ( Table 3 , Fig. 1 ). Similar associations were found for both body (p<0.001) and pelvic BMD (p=0.007) when comparing participants within 500 m of a freeway to the remainder of the cohort who lived farther than 500 m from a freeway (Table 3) . Additional analysis using log-transformed residential distances from the nearest freeway as a continuous variable showed similar results, with living closer to freeways being significantly associated with lower total body BMD (p= 0.032) and marginally significant for pelvic BMD (p=0.12).
A significant trend was also found for the association of residential distance from the nearest major road and total body BMD (p-trend=0.036) although the pattern did not follow a monotonic increase (Table 3 , Fig. 2 ). Those living within 150 m of a major road had a 0.01 g/cm 3 lower BMD compared to those living greater than 150 m of a major road (p=0.013). No significant trend was found between the distance to the nearest major road and pelvic BMD (p=0.60, Table 3 , Fig. 2) .
Since post-menopausal women experience expedited bone loss due to estrogen deficiency, we performed a sensitivity analysis excluding women (n=13) above 51 years, which is the national average age for menopause in the USA [25] and was also the median menopause age among Hispanics [26] . Associations of distances to a freeway with body (p-trend= 0.020) and pelvic BMD (p-trend=0.047) remained significant in premenopausal women. In addition, women with histories of GDM have higher risk for bone loss among Hispanics [27, 28] and other populations [29] . In our cohort, women with GDM had on average 0.9 % lower total body BMD and 0.7 % lower pelvic BMD than non-GDM women, though the difference was not statistically significant. Therefore, we conducted a restricted subgroup analysis among 207 women with GDM and found the direction of associations between distances from a freeway with body and pelvic BMD was the same as previous observations in the entire cohort, but the magnitude of the associations was smaller and tests of associations were not significant (all p>0.45), probably due to small sample size. Additionally, there were no statistically significant effect modifications by age, sex, and obesity status in the above associations (all interaction p values >0.39, Fig. A1 -A3 in online supplement). Previous studies documented that percent body fat was negatively associated with BMD [30] and positively associated with air pollution [31] , so body fat was tested as a potential confounder. Significant associations between distance to the nearest freeway and total body and pelvic BMD remained after adjusting for percent body fat (ptrend=0.006 and 0.032, respectively). Adjustment for percent body fat reduced the trend association between distances from the nearest major road and total body BMD by 16 % (p = 0.06). Further adjustment for parity, total physical activity minutes per week, contextual variables, daily calcium intake, and vitamin D intake did not significantly influence the association between residential proximity to a major freeway and total body BMD (changes in regression coefficients were all less than 10 %, Table A1 in online supplement).
And finally, we did not find significant associations between the ambient air pollutants NO 2 , O 3 , and PM 2. 5 and total body and pelvic BMD after adjusting for age, sex, weight, and height (all p>0.47, Table A2 in online supplement). However, the directions of associations were consistent with observed results from traffic exposures. Higher annual NO 2 and PM 2.5 exposures were associated with lower total body and pelvic BMD. Because NO 2 was negatively correlated with BMD and O 3 was negatively correlated with NO 2 (Pearson correlation coefficient = −0.7), the positive relationship between O 3 and BMD most likely reflects the relationship between NO 2 and BMD. Multiple-pollutant models did not reveal significant joint associations of multiple pollutants with BMD (all p>0.40). However, significant associations between distances from the nearest freeway and BMD remained after adjusting for ambient air pollutants. 
Discussion
In this study, we observed that Mexican American adults living near freeways had lower total body and pelvic BMD, independent of weight, height, percent body fat, physical activity, contextual variables, and daily calcium and vitamin D intakes. Additionally, trends were consistent across different age groups, between males and females, and between normal weight and overweight or obese subjects. Similar trends were also found for distances to a major road and BMD. However, no associations were found between BMD and ambient air pollutants including NO 2 , O 3 , and PM 2.5 . These findings suggest that exposures to traffic may lead to decreased bone density and therefore increase risk for osteopenia/osteoporosis in Mexican American adults.
The inverse association between smoking and BMD has been observed in many studies [3, 32] . However, few studies have evaluated the impact of air pollution on BMD. A substudy of the Oslo Health Study (2000) (2001) with 590 men aged around 75 years documented that higher concentrations of annual average PM 2.5 and PM 10 during years 1992-2001 were related to lower total body BMD, but not total hip BMD [16] . The adjusted odds ratio [95 % CI] for low total body BMD (Z-score≤−1) was 1. 10 , respectively. Another study of 105 Romanian subjects with mean age of 62 found that the air pollution index (the sum of proportions of mean concentrations of annual average NO 2 and PM 10 over their maximum permissible concentrations) was inversely associated with total body BMD, which suggested that NO 2 and PM 10 might have a synergistically detrimental effect on BMD [15] . We did not find significant associations of individual or multiple ambient air pollutants including NO 2 , O 3 , and PM 2.5 with total body or pelvic BMD. The lack of significant findings might be due to small variations in BMD among our relatively younger participants, which limited our power to detect significant associations. However, we found residential proximity to the nearest freeway was associated with lower total body and pelvic BMD. These results suggest that automotive exhaust might have adverse effects on bone mass. One group of chemicals in automotive exhaust potentially related to BMD is the polycyclic aromatic hydrocarbons (PAHs), which are also found in the tar fraction of cigarette smoke. A rat study revealed that PAHs caused a loss of bone mass and bone strength, possibly through enhanced bone turnover [33] . Taken together, our results suggest the negative impact of combustion-related pollutants on bone density.
The biological mechanism underlying the impact of trafficrelated pollution on BMD is unclear; but several mechanisms can be hypothesized. First, enhanced inflammatory responses to air pollution exposures can be considered as a contributory factor. Accumulating evidence indicates that air pollution is associated with chronic inflammatory conditions [34] .
Chronic inflammation characterized by elevated levels of pro-inflammatory markers including interleukin (IL-6), tumor necrosis factor alpha (TNF-α), and C-reactive protein (CRP) have been implicated as the mediators of air pollution associated risk of these conditions. Osteoporosis is closely linked with chronic inflammation. Experimental and in vitro studies indicate that pro-inflammatory cytokines have stimulatory effects on osteoclastogenesis [35, 36] . Age-associated increases in TNF-α and IL-6 partially explain bone loss in older age, particularly in women as lack of estrogen is associated with increases in TNF-α and IL-6 [37] . Consistent with the experimental and in vitro study findings, higher levels of IL-6, TNF-α, and CRP were consistently inversely associated with BMD in postmenopausal women [38] and men [39] .
In addition to creating a heightened inflammatory response, air pollution can induce immune activation [40] . While there is no direct evidence linking immune activation and BMD, increased incidence and prevalence of osteoporosis were noted in subjects with inflammatory and immunologic disorders [41] . In addition, IFN-γ released from Th1 response of activated T cells has an inhibitory effect on bone loss [42] . Therefore, it is possible that our finding of an association between traffic exposures and lower BMD can be mediated by activated immune system, a hypothesis that is yet to be tested.
Finally, vitamin D deficiency should be considered in understanding the mechanism underlying the association between traffic-related pollution and low BMD. A study among 35 sixyear-old children found exposure to urban air pollutants was significantly associated with higher IL-6 and vitamin D deficiency [14] . Traffic emissions are a major source of urban air pollution. Vitamin D is critical for intestinal absorption of dietary calcium. Insufficient vitamin D can cause low serum calcium level, which induces osteoclast activity and mobilization of calcium from the skeleton into the extracellular space [43] . Living near traffic is also related with fewer outdoor activities [44] , which can lead to reduced solar ultraviolet B (UVB) exposures. Insufficient cutaneous absorption of UVB is one of the major causes of vitamin D deficiency. Clearly, more studies are warranted to understand the mechanistic pathways explaining the association between traffic exposure and lower BMD.
We acknowledge that our study has some limitations. First, the majority of our cohort was overweight and obese people, which restricted the interpretation of results to a general population. However, adjustment for body fat did not significantly influence our results. Stratified analysis by obesity status showed the association effect sizes were not significantly different between normal weight and overweight or obese people. Second, the calculation of residential distances from the nearest freeway and major road at study entry is only an approximate measure of exposure to traffic-related pollutants. This method of exposure assessment is likely to result in non-differential exposure misclassification, which would bias risk estimates towards the null. Third, we did not collect information on some covariates such as noise levels, medication, and smoking history. However, it has been reported that the smoking prevalence among Hispanic men was almost twice the smoking prevalence among Hispanic women (20.7 % for men and 10.7 % for women) [45] , and we did not find that the associations between the proximity to freeways and BMD were significantly different between men and women. This suggests that adjustment for smoking may have little influence on our observed associations. Also, future studies are warranted to examine the impact of residential and occupational exposures on BMD. Lastly, the cross-sectional design of our study precludes us from examining the dynamic impact of air pollution on the change of BMD over time. Another limitation is that we do not have information of how long participants had lived in the address as provided for this study. Future research with improved exposure assessment and a longitudinal design is needed to confirm and extend these findings and to better understand the magnitude of the impacts of traffic-related air pollutants on BMD and osteoporosis-related morbidity.
To our knowledge, this is the first study demonstrating an association between traffic exposures and lower BMD among Mexican American adults. While previously published work had shown lower BMD in men and women living in urban areas compared to those living in rural areas [10, 11] , our work indicates that higher traffic-related pollution in urban compared to rural areas could be one explanation for the urban vs. rural difference in BMD. Our novel findings require confirmation, but have important public health implications for implementing regulatory strategies to reduce traffic-related exposures thereby delaying bone loss and preventing osteoporosis.
In conclusion, our study indicates that traffic exposures in overweight and obese Mexican Americans may adversely affect BMD. Our findings raise the possibility that air pollutants, especially traffic-related air pollutions, may contribute to osteoporosis and its consequences.
